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Introduction
The primary procedure of catheter ablation for atrial fibrillation (AF) is electrical isolation of pulmonary veins (PVs). 1, 2 Many groups have demonstrated that late gadolinium enhancement magnetic resonance imaging (LGE-MRI) can visualize the extent of scar after radiofrequency (RF) ablation on the left atrial (LA) wall [3] [4] [5] [6] using slow washout kinetics of the gadoliniumDisclosure: Nothing to disclose. based contrast agents in the regions of nonviable or scarred myocardium. 7, 8 Experimental and clinical data suggest that the autonomic nervous system (ANS), including ganglionated plexi (GP), may play a critical role in AF. [9] [10] [11] [12] Several studies indicated that ablating GP along with PV isolation may significantly decrease AF recurrences postablation. [13] [14] [15] These GP areas reside within epicardial fat pads (FPs) near PV-LA junctions and around Marshall Vein; thus, lesions after PV antrum (PVA) isolation automatically include these GP areas. Therefore, the autonomic denervation after PVA isolation enhances the longterm benefit of PVA isolation. 16 On the basis of the importance of ablating GP areas during AF ablation, we sought to evaluate the impact of ablating FP areas containing GP on the result of AF ablation using postablation MRI. 
Methods

Study Population
Between May 2009 and January 2011, 159 patients underwent AF ablation at the University of Utah. These patients were retrospectively examined. We selected the population of this study according to the following criteria: patients who underwent (1) an excellent quality LGE-MRI (for the assessment of lesion created by ablation) 3-month post-AF ablation, (2) a dark-blood MRI without fat suppression (for the assessment of FP areas containing GP around the LA) 3-month post-AF ablation, (3) a 24-hour Holter monitoring 1-day postablation (to evaluate the heart rate variability postablation). We found 60 consecutive patients (35 men, 65 ± 13 years old) who met these criteria in these 159 patients and they were included in this study.
Ablation Procedure
The PVA isolation procedure with LA posterior wall and septal wall debulking has been described. 4, 17, 18 The LA was accessed through two transseptal punctures under intracardiac echo catheter guidance (Acunav, Siemens Medical Solutions USA, Inc., Mountain View, CA, USA). A 10-pole circular mapping catheter (Lasso, Biosense Webster, Diamond Bar, CA, USA) and a 3.5-mm irrigated-tip ablation catheter (Thermocool, Biosense Webster) were advanced into the LA. Lesions were created using RF energy of 50 W with tip temperature of 50
• C for no longer than 5 seconds with the guidance of 3D electroanatomical mapping with CARTO (Biosense Webster).
Electrical isolations of all PVs were achieved first, in which ablation lesions were placed in a circular fashion along the PVA until PV electrograms were eliminated. The bidirectional block was also confirmed by pacing in each PV to ensure the complete electrical isolation of each PV.
Afterwards intracardiac potentials in the PVA region, on the LA posterior wall, and on the LA septum wall were mapped during sinus rhythm. If fractionations were seen distinct from far-field atrial potentials recorded on Lasso electrogram placed on these areas, they were targeted for ablation as a substrate of AF. The endpoint of RF delivery was abolition of local electrograms recorded on the Lasso catheter.
MRI Image Acquisition
LGE-MRI studies were performed on a 1.5 Tesla Avanto scanner (Siemens Healthcare, Erlangen, Germany) to assess the postablation scarring on the LA wall. 3, 4 The scan was acquired about 15 minutes following contrast agent injection (0.1 mmol/kg, Multihance [Bracco Diagnostic Inc., Princeton, NJ, USA]) using a 3D inversion recovery, respiration navigated, electrocardiogram (ECG)-gated, gradient echo pulse sequence. Acquisition parameters were: free-breathing using navigator gating, a transverse-imaging volume with field of view = 360 × 360 × 110 mm, imaging matrix = 288 × 288 × 44, voxel size = 1.25 × 1.25 × 2.5 mm (reconstructed to 0.625 × 0.625 × 1.25 mm), repetition time/echo time = 5.4/2.3 ms, flip angle = 20
• , inversion time = 270-310 ms. ECG gating was used to acquire a small subset of phase-encoding views during the diastolic phase of the LA cardiac cycle. The time interval between the R-peak of the ECG and the start of data acquisition was defined using the cine images of the LA. Dark-blood images were acquired prior to the contrast agent injection during the same MRI session. These images were acquired using 2D double-inversion-prepared, respiration-navigated, ECG-gated, turbo spin echo pulse sequence with the following parameters: contiguous transverse imaging slices, field of view = 360 × 360 mm, slice thickness of 4 mm, imaging matrix = 288 × 288, pixel size = 1.25 × 1.25 mm (interpolated to 0.625 × 0.625 mm), repetition time = one heartbeat, echo time = 61 ms, echo-train length = 22.
LA Wall Segmentation and Assessment of Postablation Scarring
LA wall was manually segmented from the LGE-MRI images using the Corview image processing software (MARREK Inc., Salt Lake City, UT, USA). Images of postablation scarring were acquired from LA wall enhancement using a threshold-based lesion detection algorithm as described previously. 3 We used an unsupervised statistical clustering algorithm on normalized pixel intensities to define the distribution of image enhancement due to scar and to separate enhancement from normal tissue.
Definition of GP Areas
We used FP areas containing GP for the surrogate of GP areas. Therefore, we defined GP areas surrounding LA carefully by reference to previous studies.
There are five GP areas around LA: superior left GP (SLGP) area, inferior left GP (ILGP) area, anterior right GP (ARGP) area, inferior right GP (IRGP) area, and Marshall GP (MGP) area. 11, [13] [14] [15] [19] [20] [21] [22] Detailed anatomic locations of GP were based on previous reports from the autonomic innervation of human heart 19, 20, [22] [23] [24] and experiences of other investigators who identified GP by means of high-frequency stimulation (HFS). 11, 14, 25 We followed these anatomic instructions and defined certain GP areas as shown in schematic images in Figure 1 . SLGP area (red cross-mark) was defined as the area within 20 mm LA side from the anterior, superior, and posterior aspect of LSPV-LA junction. ILGP area (green cross-mark) was defined as the area within 15 mm LA side from the inferoposterior aspect of left inferior pulmonary vein (LIPV)-LA junction. ARGP area (blue cross-mark) was defined as the area within 15 mm LA side from the anterior aspect of right superior pulmonary vein (RSPV)-LA junction. IRGP area (yellow cross-mark) was defined as the area within 15 mm LA side from the inferoposterior aspect of right inferior pulmonary vein (RIPV)-LA junction. MGP area (purple crossmark) was defined as the area surrounding the Marshall Vein, which begins from the bottom of LIPV and extends into the ridge between LSPV and left atrial appendage (LAA).
Segmentation of FP Area Containing GP
Epicardial fat surrounding the LA can be recognized as bright regions in dark-blood MRI ( Fig. 2A) . The range of pixel intensities signifying LA epicardial fat were determined by sampling at least 20 points of pixel intensities in the large regions of subcutaneous fat and ventricular epicardial fat using the Corview segmentation HIGUCHI, ET AL. software. Areas which fell within that range of pixel intensities were highlighted using threshold tool (Fig. 2B) . A subset of the fat tissue, which coincided with GP regions in the anatomical locations described above, were then manually segmented (Fig. 2C) . These FP areas were considered as GP areas around LA.
Merging LA, Scar, and FP Image
Segmented FPs were reconstructed as a 3D image on the LA (Fig. 3A) , and then FPs adjacent to the LA surface were projected onto the LA surface (Fig. 3B) . Subsequently, FPs image on the LA (Fig. 3B) was merged with the ablation scar image on the LA, which was visualized by LGE-MRI (Fig. 3C) . Overlapping of FP areas and the ablation scar image were considered as ablated FP areas (Fig. 3D) . And then the area of (1) entire LA surface, (2) ablation scar on the LA, and (3) ablated FP area were calculated. All these processes were executed using SCIRun software package, developed at the Scientific Computing and Imaging (SCI) Institute at the University of Utah.
Holter Monitoring and Heart Rate Variability, Postablation Follow-Up
One-day postablation, 24-hour Holter monitoring was performed to obtain heart rate variability (HRV) measurements. We calculated percentage of differences greater than 50 ms in the RR intervals (pRR > 50) and standard deviation of RR intervals over the entire analyzed period (SDNN) as standard indicators of ANS activity after AF ablation.
A postablation-blanking period was observed for 3 months during which all patients received an 8-week automatic trigger cardiac event monitor for assessment of early AF recurrence. Early recurrences were treated with direct current cardioversion, antiarrhythmic drugs (AADs), or both. AADs were discontinued at the end of the blanking period. After blanking period, all patients were seen in the clinic at 3 months following ablation and followed-up at 3-month intervals thereafter until 12-month postablation. Each patient received a 12-lead ECG at every visit. Additional ECG recordings and 24-hour Holter monitorings were obtained as suggested by the patients' symptoms. Recurrence was defined as any atrial arrhythmia sustained for longer than 30 seconds without AAD treatment following blanking period.
Statistics and Analysis
Continuous variables are presented as mean ± standard deviation. Statistical comparisons were performed with Student's t-test, Fisher's exact test, or χ 2 analysis, as appropriate. A probability value of P < 0.05 was considered to be statistically significant.
Results
Patient Characteristics and Ablation Results
All 60 patients (35 male; mean age 65 ± 13 years) underwent AF ablation, and no LA-PV conduction was recognized after PVA isolation. All patients were followed until 12-month postablation, and out of 60 patients, 34 patients (57%) remained in normal sinus rhythm while the remaining 26 patients (43%) experienced a recurrence of AF after the 3-month blanking period following the initial AF ablation. Patients with recurrence were significantly older than those without recurrence. However, there were no significant differences between these two groups regarding other baseline characteristics, including AF type (Table I) .
Scar area, FP Area, and Overlapping of these Areas
LA surface area, the total postablation scar area, each FP area, and the overlapping of scar area and FP area (i.e., ablated FP area) are shown in Table II compared to those in patients with recurrence (5.6 ± 3.1 cm 2 vs 4.2 ± 2.7 cm 2 ; P = 0.03).
Ablation Effects to HRV
Patients underwent a 24-hour Holter monitoring 1-day post-AF ablation. During this monitoring period, AF episodes were documented in four patients and frequent atrial paroxysmal beats (over 15% of the whole day) were observed in two patients. Therefore these six patients were excluded from the analysis, and HRV data from remaining 54 patients (No recurrence: 31 patients, Recurrence: 23 patients) were used. Maximum heart rate, minimum heart rate, mean heart rate, pRR > 50, and SDNN were obtained from the 24-hour Holter monitoring (Table III) . The mean values of both pRR > 50 and SDNN in patients without recurrence were significantly lower than those in patients with recurrence (5.8 ± 6.0% vs 14.0 ± 10.1%; P = 0.0005, 78.7 ± 32.4 ms vs 109.2 ± 43.5 ms; P = 0.005, Table III HR = heart rate; HRV = heart rate variability; pRR > 50 = percentage of differences higher than 50 ms in RR intervals; SDNN = standard deviation of RR intervals over the entire analyzed period.
Discussion
In this study using LGE-MRI and dark-blood MRI, based on merging ablation scar image and the image of FP area containing GP, we demonstrated significant correlations between ablated total FP area, autonomic denervation, and AF prognosis. FP area was ablated wider in patients without recurrence of AF than in patients with recurrence even though total ablation area (total scar area) and total FP area were not significantly different between both groups (the schema was shown in Fig. 5) . It means that, as previously suggested, targeting and ablating wider FP areas containing GP area in addition to PVI would result in denervation of ANS and ultimately improve the AF prognosis after ablation.
Previous Studies
Epicardial GP are mainly distributed at specific regions and are primarily distributed within the epicardial FP. 22 The critical role of GP in the dynamics of AF initiation and maintenance has been demonstrated in many reports and the effect of GP ablation on attenuating AF inducibility is widely accepted nowadays. [26] [27] [28] [29] During the routine PVA isolation procedure, some of the GP regions are automatically included in the ablation lesions owing to the anatomical location of GP regions. Pappone et al. 16 demonstrated that inadvertent modification of GP during PVA isolation improved outcome post-AF ablation. Hence, we sought to demonstrate the impact of inadvertent FP ablation on the prognosis of AF after routine AF ablation using noninvasive LGE-MRI modality.
Definition and Segmentation of GP Areas
To locate and segment GP areas, we cautiously followed the anatomical instructions provided in previous studies. 11, 14, 15, [19] [20] [21] [22] [23] [24] 30 Tan et al. 24 reported in their histological study that autonomic innervations were recognized mainly within 10-mm LA side from the each PV-LA junction. Katritsis et al. 15 defined presumed GP areas as within 10-20 mm LA side from the PV-LA junctions in their study. Po et al.
14 described in their study that the ILGP and IRGP are located 1-3 cm below the LIPV and RIPV, respectively. In addition, Scanavacca et al. 25 demonstrated the vagal response during applying the HFS on the posterior aspect of LSPV-LA junction. Our definition of certain GP areas in this study is the average of these anatomical instructions from histological and clinical reports.
Regarding Marshall GP, we could identify the distinct Marshall Vein running into the FP at the anterior surface of left PV-LA junction in the MRI as shown in Figure 2 . We could easily segment FP around the Marshall Vein. Makino et al. 19 reported that 25 of 26 postmortem human hearts had a Marshall bundle which accompanied the GP located around the Marshall Vein.
Autonomic Denervation after Ablation and Its Influence on AF Prognosis
We identified a significant negative correlation between SDNN and ablated total-FP area, strongly suggesting that the autonomic nerve activity was suppressed with increase in the net ablated FP area. We also demonstrated that the mean values of both pRR > 50 and SDNN were significantly lower in patients without recurrence than those in patients with recurrence, suggesting a greater reduction in autonomic nerve activity in patients without AF recurrence.
Pokushalov et al. 30 demonstrated, in comparison with the conventional approach using HFS, the significant superiority of anatomical GP ablation in terms of the autonomic denervation as well as AF prognosis after ablation (follow-up period was 13.1 ± 1.9 months). They mentioned that HFS at a particular site might elicit the parasympathetic response by stimulating not the autonomic ganglia itself but the autonomic nerves in the neural network of ANS. They also mentioned that the response to HFS is dependent on the property of AV node; therefore, HFS is not a fully reliable method to confirm GP area. They concluded that the promising technique of GP ablation is to ablate anatomical GP regions extensively without searching GP area by HFS.
Long-term outcome of GP ablation itself is still controversial. In a study of Oh et al., 31 longterm effect of GP ablation was assessed using experimental mongrel dogs. The vagal denervation and the suppression of AF inducibility were observed immediately after the ablation of right pulmonary vein FP and the inferior vena cavaleft atrium FP, but these effects disappeared after 4 weeks. However this attenuation of denervation was considered to be attributed to the incompleteness of ablating FP containing GP. 32, 33 In other words, FP of every GP location should be extensively ablated to diminish the number of GP inside FP and to maximize the denervation because some part of fat in GP lesion does not contain autonomic ganglia. In addition, if some GP regions are left untreated, it may lead rather increase vulnerability and enhance AF inducibility. 34 When comparing GP ablation and PVI, the report of Mikhaylov et al. 35 is interesting. In this study, anatomic GP ablation for paroxysmal AF patients showed a significantly lower success rate over a 3-year follow-up period compared with circumferential PVI (34.3% vs 65.7%, respectively; P = 0.008). There is another study by Katritsis et al. 15 reporting the result of anatomical GP ablation as an adjunctive therapy with PVI. In this study, patients who underwent anatomical GP ablation in addition to PVI had significantly better arrhythmia-free survival compared with patients who underwent only PVI. These two reports are suggesting that GP ablation itself yields to PVI and GP ablation should be combined with PVI.
Summarizing resent studies, we should consider the following issues to maximize the effect of GP ablation; (1) FP of GP location should be ablated anatomically and extensively, (2) all GP locations should be ablated; otherwise it can rather enhance the AF inducibility, and (3) PVI should be performed in addition to GP ablation.
In this study, we demonstrated by means of LGE-MRI the same concept as described above that the extensive ablation of FP in every anatomical GP location in addition to PVI leads denervation of ANS and ultimately improve the AF prognosis after ablation.
Study Limitations
We acknowledge that the main limitation of this study is that GP cannot be located readily from MRI image and we used FP as a surrogate of GP by anatomical reference. However, we cautiously followed previously published studies that have defined the anatomical locations of GP around the LA. We also have to acknowledge that this study is a retrospective study and includes a small number of patients. Therefore a prospective study with large number of subjects targeting FP area containing GP along with PVI should be performed to confirm this result. However, this is the first study that evaluated the impact of ablation to FP containing GP during AF ablation using noninvasive LGE-MRI modality.
Conclusion
Extensively ablating FP regions containing GP area in addition to PVI enhanced the denervation of ANS and seemed to improve procedural outcome in patients with AF. These results were successfully demonstrated using LGE-MRI.
